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Preface

The purpose of this thesis was to analytically predict

and experimentally measure the flow-induced pressure field -"

in a reed-valve arrangement. Reed valves are typically used

in sealed compressor units. The thrust of this work was to

find an analytic solution, compatible with a small computer

system, for a Ofirst-look" at the pressure field on the up-

flow side of the reed valve. Analytically, the flow was

modeled as one-dimensional, piece-wise isentropic with the

possibility of an imbedded normal shock. The experimental

o portion of the thesis work involved operating an idealized

reed-valve model at various steady-state pressures. The

pressure field beneath the valve plate was measured using a

computerized data acquisition system which relied on a

scanivalve as the primary pressure gauge.

An interesting side note identified during this

research was that if you make a simple model of the --

configuration, using a spool of thread, a pin, and a piece

of paper, you can create a supersonic flow and a normal

*shock by blowing through the spool.

Several people gave very valuable assistance thoughout

this project. My advisor, Lt Col Eric Jumper, provided

insight into the analytic solution, provided direction, and

shared in the enthusiasm of the experimental work. Nick

Yardich and Leroy Cannon were ever ready with their

professional advise and assistance. A special thanks is due

::: ~~ii .:.:.
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to Jay Anderson who diligently assisted me in setting up the .*

Icomputerized data acquisition system. The members o! my

class, GAE-85D, were very supportive and I'm proud to call

each one of them a friend. Finally, my love and thanks are

devoutly extended to my wife, Alice. Her encouragement,

professional critique and support were invaluable even when

the Atlantic Ocean spanned the distance between us.

Bob Hunt
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Abstract

The flow-induced pressure field in a reed-valve

arrangement was analytically predicted and experimentally

measured for steady-state conditions. The flow was found to I
be supersonic in nature with an imbedded shock for all but

the lowest total pressure runs.

The analytic method used one-dimensional isentropic and

normal shock relations. The technique provides a good

"first-look" at the nature of the flow and is compatible for -.-

use on a small computer systrem.

The experimental data was obtained by using an

idealized reed-valve model. The data acquistion system was

computerized and used a scanivalve system to measure the

pressures in the valve model. Circular, square, and

rectangular valve plate geometries were investigated. The

inlet was circular for all cases. Flow-visualization oil

was also used in a qualitative approach to determine the

location and shape of the shock in the flow. The pressure .1

measurements and the flow visualization showed the shock to

be circular for all geometries and pressures tested. At

high total pressure runs the valve plate began vibrating and

the shock location became smeared, suggesting that the shock

was also oscillating.

---
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A STUDY UF THE FLUID-DYNAMIG PRESSURE FIELDv%

.: ON COMPRESSOR REED VALVES

I. INTRODUCTION

Background

In piston-type compressors, a spring-metal valve plate

is often used for intake and exhaust valves. The valve,

hereafter called a reed valve, has wide practical

application due to the simplicity of operation and

manufacture, and the minimal number of moving parts. These

qualities normally mean long life and as such these valves

are in common usage in sealed compressor units such as -- ,

refrigeration systems. These systems are often required to

operate for years without direct maintenance.

The design of these valves has historically been by .

trial and error. Seemingly small design changes can lead to

large changes in the operating characteristics at the valve.

Rapid and violent opening and closings of the valve during a

single stroke ot the compressor piston alter slignt design

cnanges to previously smoothly operating valves have been

reported I). Modeling of the valve by other researchers is

otten from a structural point of view. In other work, the

pressure on the face of the valve has been modeled by

directly applying the total pressure of the flow to the area

. . .. . . . .



of the exposed face. The present thesis work investigated a

simple fluid-dynamic model of the pressure field for valve-

like configurations. The pressure field on the up-flow side

of the reed valve was of primary concern in this study. "

The thrust of this work was to develop and apply an ~-.
analytical solution to valve-like geometries and to compare

it with experimentally acquired data. Certainly, the

problem could be discretized and solved using an elaborate

computational fluid dynamics approach, but the intention

here was to take a "first look" with the simplest approach.

As such, the analytical solution was intended to be

compatible with small computer systems.

Initial work on this problem was accomplished by

Jumper (2). His work examined the valve problem from a

subsonic compressible flow point of view. One-dimensional

isentropic flow relations were used throughout. While, as

will be shown, the flow does not generally remain subsonic,

insight can be derived from his findings. One such insight

is the fact that only a small differential between the inlet

pressure and the exit pressure is required to choke the flow

in the valve. The present work expanded the analytical

treatment of Jumper to include supersonic flow and the

possibility of a shock wave in the flow.

Following Jumper, it is of interest to recognize the

striking geometric similarity between the reed-valve problem

and a problem involving a spool of thread and a piece of

2%%'
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paper. The problem involving the spool of thread is that of

a child's trick where a pin is centered in a piece of paper,

then the paper and pin are placed on the spool of thread.

The trick is to blow the paper off of the spool. The

interesting feature of the trick is that the paper cannot be

blown off. A reed-valve compressor plate and a reed-valve

schematic are shown in Figures IA and IB, respectively. The

spool trick is illustrated in Figures 2A and 2B.

The geometric similarity between the spool trick and

the reed valve becomes more obvious when the piece of paper

*_ is trimmed to more nearly match that of the reed-valve

configuration. The spool trick works even with a piece of

paper which barely overlaps the hole of the spool. This

simple experimental and visual aid also provided a starting

• _point for the design of the experimental apparatus.

Other flow problems with similar geometry can be found.

These problems are typically posed as incompressible (3; 4)

or compressible but subsonic as in the case of the radial

diffuser (5). To our knowledge, no previous work has been

done on the general problem which was the focus of this

study.

Purpose and Scope

The purpose and scope of this work was to expand on the

work started by Jumper and to compare the analytical

-= * - "
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solution with results acquired experimentally. The expanded

analytical solution includes subsonic and supersonic theory

with the possibility of normal shocks imbedded in the flow.

The analytical solution of the problem is specifically

taylored to be preformed on a small computer system. To

experimentally validate the analytical solution, a test rig

needed to be designed and operated over a range of

conditions for various geometries of reed-valve plates.

Pressure measurements were taken for the various geometries

and compared with the analytical solution.

•. .'.-.
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II. °.o

Radial Flow Problem .'.-*1*

By studying the geometry of the spool trick, solution

techniques can be developed. From an abstract point of

view, there is little or no difference between the physics

of the spool trick and the reed-valve problem at hand. The

two problems will be treated here as the same. Figure 3

details the problem in a cross-sectional view. The geometry

of the problem prescribes a flow issuing from a circular

inlet. The flow then proceeds radially between the base

plate of the apparatus and a free-floating circular valve

plate. Although in general the results may be applied to

any compressible fluid, it will be assumed that air is the

fluid which is passing through the valve.

The air enters this idealized reed valve from a

relatively high pressure region. This high pressure region

can originate from the action of a piston, as in the

compressor, a high pressure source, or even from the

pressure exerted by the operator of the spool trick trying

to blow the piece of paper off of the spool. When the air

encounters the valve plate, it is turned and ilows radially

to the exit of the valve plate. In many situations the exit

pressure will be the ambient atmospheric pressure (though

this need not be the case). Although the problem at hand

will be treated from a compressible point of view, a look at

7
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the incompressible analogue is helpful for a background

understanding of the flow.

Incompressible Discussion

Figure 4 shows a section of the flow which is helpful

in visualizing the problem as a whole. There are several

cross-sectional areas of the flow which are of interest.

The first is the area of the inlet. A section of this area

:s identified as I in Figure 4. The next sectional area

shown is that of the annular collar around the inlet;

identified as T. Finally the exit annulus is of interest; a

section of which is shown as E. The areas T and E are

dependent on the height (h) of the valve plate above the

base plate of the apparatus. A radial flow of this type,

for an incompressible fluid, is similar to a two-dimensional

potential source flow (4:134). Now, with a rough idea of

the geometry through which the air flows, equations for

incompressible flow through a variable-area stream tube may

be applied.

In the incompressible case, pressure and velocity are

related by the incompressible form of Bernoullx's equation

P0 = P + (1/2) pV (1)

where P is the pressure, p is the density, and V is the

velocity. The subscript 0 " refers to total or stagnation

conditions.

°° .. .- "
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Figure 4. Sectional View of Flow Geometry
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According to continuity, the mass flow rate

Mn pAV constant (2)

can be rearranged and differentiated to yield a relation for

velocity and area in an incompressible, steady flow, so that

I dV= - 1dA
V dx A dx (3)

This equation demonstrates that for subsonic, incompressible

flow, an increase in the area of a given stream tube is

accompanied with a decrease in the velocity of the fluid in

the stream tube. Similarly, a decrease in area yields an

increase in velocity. For the problem of the radial flow

from the inlet annulus to the exit annulus, the area is

increasing which indicates that the fluid velocity must

decrease in the radial direction.

The radial decrease in velocity can also be identified

with an increase in the static pressure. Referring back to

Eq (1), a decrease in velocity for an incompressible fluid

must be accompanied with an increase in static pressure !or

a fixed total pressure. Finally, for subsonic flow, the

exit pressure must equal the ambient pressure at the exit,

this being due to the ability of isentropic pressure signals

to comunicate upstream at the speed of sound. This

communication is unavoidable because the flow is subsonic.

The ambient pressure signal at the exit is able to

°.i



communicate upstream into the valve and modify the flow

until the exit pressure exactly matches the pressure of the

ambient environment.

The height of the valve plate above the base plate, h,

is an interesting parameter of the valve problem. Because h

is a factor in determining the area of the annular inlet

collar (see Figure 4) it can dramatically alter the nature

of the flow. If h is small, then the area of the inlet

collar can be less than that of the inlet. This would

effectively produce a channel area distribution which is.

similar to a convergent-divergent nozzle. A bit of reverse

logic shows that indeed this is the only reasonable physical

case to expect for a free-floating valve plate.

For a moment, let's assume that h is sufficiently large

to insure that the inlet collar area (cf. Figure 4 and

sectional area T) is greater than the area of the inlet.

Also, assume that the ±low is not allowed to separate. For

tlow to be in the desired direction, the inlet (reservoir)

pressure must be greater than the ambient pressure,

P. a > PA As the flow passes the inlet, the area

increases and continues to increase to the exit. As shown

betore, this increase in the area of the flow channel is

accompanied with a decrease in velocity and an increase in

static pressure. This hypothetical case leads to the exit

pressure oeing greater than the reservoir pressure or

Pr P.a. > Pa Recall however, that for a subsonic flow,

12
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trie exit pressure must equal the ambient pressure. .-

Therefore, the exit pressure cannot be greater than that o

the ambient pressure as described in this hypothetical case.

This descrepency shows that a large h is not compatible with

a free floating valve plate. Since the flow will simply

adjust until P, = PA , the proper sequence of pressures

must be PAR > Pr P. This sequence occurs when h is

small enough to make the inlet collar area less than the

inlet area; the inlet collar, in effect, throttles the flow

in the valve.

The height of the valve plate is a function of the mass

flow rate, as defined by continuity and the geometry of the

inlet collar. The area of the collar is simply

Ac= 2 nRIL Th Combining this with Eq (2) completes a

full specification of the incompressible problem.

This simplified incompressible look at the problem

shows why the operator of the spool trick is unable to blow

the paper off of the spool. The entire radial flow between

the inlet collar and the exit collar is at a pressure below

that of the ambient environment. The entire external side

oz the paper is acted upon by ambient pressure. This lorce

imbalance is opposed by the force necessary to eflect a

momentum change in the flow to turn the corner at location T

tsee Figure 4) and possibly the weight ot the paper. For

geometries of the trick where the piece of paper is

approximately the same, size as the spool of thread, the

* 0•
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operator is physically unable to produce enough pressure to

dislodge the paper. It will be shown that the flow enters

the compressible regime and chokes at location T far before

the force due to the momentum change can dislodge the paper.

Compressible Solution

Many of the basic features of the flow as identified in

the incompressible discussion still hold. The concept of

the area of the channel being similar to a convergent-

divergent nozzlw is valid, but the mathematical decription

in Eq (3) will require modification for compressible flow.

With a proper pressure differential between the reservoir

and the ambient environment, the flow may choke at the inlet

collar and it is possible to have a supersonic section of

the flow. A look at one-dimensional isentropic flow

conditions shows why an increasing area accelerates the flow

supersonically. The differential form of the continuity and

momentum equations for one-dimensional flow is given by

VdV dP 0

p (4)

If we assume isentropic flow and incorporate the

definition of the speed of sound, (dP/ds s )10-5 , and the

continuity equation, Eq (4) may be manipulated (b:209-213)

to yield

M - 1 ) I dV = I dA
V dx A dx (5)

14
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Three cases must be considered.

For M < I , dV/dx and dA/dx are opposite in sign.

This is similar to Eq (3). Hence a subsonic flow

decelerates in a diverging channel and accelerates in a

converging channel.

For N > I , dV/dx and dA/dx have the same sign.

Hence a supersonic flow accelerates in an expanding channel

and decelerates in a converging channel. Thus supersonic

behavior in a channel is opposite to that of subsonic

behavior.

For M = I , the most appropriate consideration from

pnysical grounds is that dA/dx = 0 We can conclude that

the sonic condition can only occur at a constriction or

throat.

Although, it may at first appear that the problem at

hand xs not suited to a one-dimensional analysis, the

reiative simplicity of the one-dimensional isentropic

equations makes them attractive. Further, their use is

compatible with a basic tenent of this work, to use

techniques which are compatible with small computer systems.

The reed-valve problem presents a geometry to the flow which

is comparable to a convergent-divergent nozzle. The one-

dimensional isentropic relations are applicable to a wide

variety of nozzle-type problems, with reasonable results,

even when the one-dimensionality of the problem is-

questionable. This work will use these relations and the

1 5....'-*..-
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normal shock relations for the analytical solution to the

problem, and, as will be shown, this method yields

reasonably good agreement with experiment.

Numerical Solution

A computer program was written to solve the reed-valve

problem. The program, SOLVE, is listed in Appendix A.

SOLVE was written in BASIC and uses the assumption that the

flow is steady, one-dimensional, at a minimum piece-wise

isentropic and has the possibility of imbedded snocks. The

flow is assumed to be air and was treated as a perfect gas.

The program was run on a Columbia Data Products personal

computer (IBM compatible) which has 256K RAM. SOLVE

produces a solution to the reed-valve problem in

approximately 60 seconds.

The anaylitical solution includes a number of

isentropic flow parameters (7; 8:47-75). In the following

discussion the " " subscript again will refer to total or

stagnation conditions for the specific parameter. Equations

for the parameters of interest have been reduced to forms

which require input of the total condition of the parameter -

and the local Mach number. A function ol the local Mach

number is a common factor to many of these calculations and

*~ is given by

FNBOB(M) I I ( -I)M'/2 ] (6)

16
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This function of Mach number was then used to determine

the following properties:

Pressure was obtained by

P P,

F If /(7-1)
FNBOB(M)

L .i(7)

Density was found by applying

iFNBOBCM)
L (8)

The local temperature was found using

FNBOB CM)(9

Also, using the total temperature, it was convenient to

define a total sonic velocity

112
co (Y RT0  (10)

So that the local sonic velocity could be lound using

1/2
FNBOB(M)

The local velocity of the flow was now found by

V a m (12)
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In order to find the Mach number at each location of

interest two equations relating the Mach number to the

pressures and Mach number to area ratios were required.

First, for an isentropic flow, the Mach number at the exit

could be found by knowing the pressure ratio between the

total pressure and the exit pressure. The relation is

F F .1/2

F, -M, '- I 0 aI

Once the exit Mach number was known, the Mach number at

any other location could be determined from

M, = I --- M - I F NB B(M- 1€- i'

R, FNBOB(M, ) -
L J - -J (14)

It is important to note that while the radius ratio is used

in the preceeding equation; the usual ratio is that of the --

area ratios. For the circular reed-valve model, the radii

ratio is identically the area ratio from the inlet collar to

* the exit collar. Recall that the area of the inlet collar

is Ac = 2rTRNLETh and the area o the exit collar

is Ar = 2nRrh The common factor of 2nh cancels trom

* the ratio of the two areas. It is emphasized here that this

problem is, therefore, fully specified from this theoretical

point of view without the variable h entering the problem.

18
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If a shock occurs in the flow, several parameters

undergo a change which was modeled by a jump discontinuity.

The circular geometry of the reed valve model and the radial

nature of the flow through the valve suggest that any shock

in the flow will be normal to the flow. Although the shock

will be circular when viewed from above, the flow sees a

simple normal shock, thus the normal shock relations are

appropriate for this case.

The subscripts " " and ". " denote the upstream and

downstream values, respectively, of a parameter across the

shock. It the upstream Mach number is known, the downstream

Mach number is given by

F i1/2
M, = __ 2  YM. + 2 I

,2 Mta - ( I-1) -
.. (15 )

The total pressure decreases across the normal shock.

Total pressure is the parameter which is used in SOLVE to

track the changes in the other parameters after the shock.

Static pressure in particular is of interest because the

flow after the normal shock will be subsonic and therefore

the static pressure at the exit must match the ambient

pressure. This was the parameter to be matched when

determining the location of the shock. The total pressure

on the downstream side of the shock is given by

19
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P, -Y I My_2

FNBOB(M,11 2 M, (V-) 

With the background of the specific equations in place,

a dicussion of the logic of SOLVE follows. An overview of

the entire program is given, followed by additional

overviews of specifics of the subsonic and the supersonic

soiution techniques.

Figure 5 is a flow chart of SOLVE. Unless otherwise

* specified the program defaults to standard day conditions

for temperature and pressure. The inlet radius for the

valve is also set to default to the value of the actual

reed-valve model tested. An alternate input section is

interactively available to the user to allow specific inputs

to match a specific problem. The default option is useful

for a general understanding of a preliminary problem;

however, it is important to use the alternate input section

11 one wishes to compare theoretical values with

experimental data. Next, following the input section, SOLVE

sets the definitions of various parameters, descretizes the

radial domain of the flow field, and determines the nature

of the problem.

Depending on the ratio of reservoir pressure to the

exit (ambient) pressure the nature of the problem can be

subsOnic, supersonic with imbedded shocks, or fully

20 27-~i
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PROGRAM SOLVE

INPUT SECTION

SET INCREMENTS

FIN D me*. (MIS

FIND (P/Pres). (PRS)

NO P PR S YES

SSONIC SOLUTION SUOLON TION1

* OUTPUT SECTION

ENDj

riqure 5. Flow Chart of Program SOLVE
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supersonic. The main distinction which SOLVE is concerned

with is whether the problem will require a subsonic or a

supersonic solution technique. The program uses Eq (14) and

a fixed point iteration scheme (9:88-95) to find the Mach

number at the exit for the case where the flow is exactly

sonic at the throat (inlet collar) but subsonic elsewhere.

This condition will be refered to as the star condition for

the problem. The flow is isentropic throughout the field

lor this case. Knowing the exit Mach number ±or the star

condition the pressure ratio for the star condition can be

found using Eq (7). By comparing the pressure ratio of the

problem with the star condition pressure ratio, the nature

of the problem is established. Following the appropriate

solution technique, SOLVE outputs the data to the screen for

viewing and will save pressure or pressure ratio data to a

disk file. The files are formatted for easy use with

graphics software.

If the specified pressure ratio is less than the

pressure ratio for the star condition, the problem wiil be

entirely subsonic. A flow chart al the subsonic solution is

presented in Figure 6. Here the exit Mach number is found

using Eq (1.J). rhe Mach numbers at the incremental

locations are then found using Eq (14) and fixed point

iteration. Finally, the remainder of the properties at the

incremental locations are found using Eqs (7-12). The

22
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SUBSONIC SOLUTION

FIND EXIT MACH NUMIBER (MIE)

ITERATE FOR M1(I) USING FIXED POINT ITERATION

CALCULATE INCREMENTAL PROPER~TIES:

Figure 6. Flow Chart of Subsonic Solution
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program branches to the output section with the subsonic

description of the flow.

If the flow is supersonic in nature, the program

assumes that the flow also has an imbedded normal shock.

Schreier (8:75) gives a trial-and-error method for solving

this problem. Some of his procedure has been modified to

make it more applicable to a computer program and the reed-

valve problem. A flow chart of the supersonic solution is

shown in Figure 7. The steps used in SOLVE are:

1. Postulate an upstream Mach number for fixed shock.

2. Calculate the radius ratio using Eq (14).

3. Find the downstream Mach number using Eq (15).

4. Find the downstream total pressure using Eq (16).

5. Find the exit Mach number using Eq (13).

6. Find the exit pressure using Eq (7).

7. Compare this pressure with the ambient c' back

pressure. It they are equal to within a prescribed

tolerance the shock is in the desired location.

Otherwise, the process Is repeated by changing the

position of the shock. This is done by postulating a

new upstream Mach number.

A marching technique is used to place the shock in the

proper location. After the initial location is evaluated.

the program takes a step increase or decrease in the

upstream Mach number and re-evaluates the problem. This is

repeated, stepping in the same direction, until it has

24
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SUPERSONICSOLUTION

POSTULATE Mx

-FIND Rahock /Rin.Let (EQUAL TO A-TA A.)

FIND My

FIND TOTAt PRSSRE E)y (PY

IND Pexit (ME)~

NOPE -PA < EXIT YES

MOV SHCK Y SHOCK AT PROPER~

FIND INCREMENTALj

PROPEARTIL

0 fO uUFPU

Figure 7. Flow Chart of Supersonic Solution
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overstepped the solution. At that time the march changes

direction and cuts the size of the step in half. The march

continues in the new direction until the solution is again

overstepped. This whole process continues until the exit

pressure matches the prescribed back pressure to within a

specified tolerance. This marching technique is also used

to determine the Mach number at specified area ratios for

the supersonic portion of the flow field because the fixed

point iteration scheme does not converge to the supersonic

value of Mach number. Once the shock has been determined to

be in the proper location, the program delivers the

incremental properties to the output section.

A collection of theorectical pressure ratio versus the

radial location data from SOLVE is plotted in Figure 8.

Figure 8 includes a subsonic curve, a nearly star condition

curv.e, and several supersonic curves with imbedded shocks.

One feature to keep in mind about Figure 8 is that the

isentropic preshock portions of the supersonic curves lay on

top o: each other up to the point where they shock. This

will be a pattern to be looking tor when viewing the

experimental data. The theoretical curves presented here

are similar to those in texts describing the fiow in a Laval

nozzle k6:211-213,242; 10:127-130) because the geometry of

the flow in the reed valve is similar to a convergent-

26
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Figure 8. Pressure Ratio vs. Location From Analytical

Solution
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divergent nozzle. It should be noted, however, that the

convergence in the reed-valve problem is a very snarp

decrease, basically a step, and the divergent section has a

rapidly increasing area. An equivalent two-dimensional

nozzle would have a divergence half angle, 6, of

approximately 72.3 degrees ( tan 6 = R ). For a circular .1

duct nozzle, the applicable divergence half angle

relationship is tan 6 (2h/R)*. • It is emphasized

here that the reed-valve geometry does not match either the .1

two-dimensional or three-dimensional equivalent nozzle, but

a comparison with these "standard" nozzles is interesting.

Other Theoretical Considerations

It is interesting to look at what range of pressure

ratios that cause the reed-valve or the spool problem to

change from a subsonic nature to a supersonic problem.

Assume an inlet, circular in cross section, with a radius of

1/6-inch and a reed-valve plate (or piece of paper) with a

radius of 1-inch (representative of the spool trick). By

using SOLVE, it can be seen that the problem changes

character at a pressure approximately 0.05b psi above

ambient (standard day assumed). This seems incredibly low

and means that for inlet pressures greater than this, the
*|

flow will have a supersonic section with an imbedded shock.

When performing the spool trick, an average adult can

maintain a pressure on the order of I to 2 psi. Obviously,

28

. . . . . . . . . . . . .. .... ,.........,.......,.....



- '-. -..

even the spool trick must be treated as a compressible

supersonic problem.

A more formal presentation of what pressure ratios are

required to theoretically produce a supersonic problem is

given in Figure 9. An example here is also instructive.

For a radius ratio of 0.8 and the exit pressure at ambient,

the valve would have sonic flow at the throat for a gauge

pressure of approximately 3.6-psig. This example

corresponds to a valve plate with a radius of 0.344-inches

for an inlet of radius of 0.281-inches. The overlapping lip

of the valve plate over the inlet hole then is 0.063-inches.

This amount of overlapping for a valve lip, about 1/16 inch,

is representative of the order of the measurements for an

actual reed-valve configuration (see Figure 1).

Although the theoretical treatment of the reed-valve

problem is inviscid, boundary layers should be expected to

be present in the valve. When the air initially impinges on

the valve plate a stagnation or Hiemenz flow (11:95-99) is

likely. Further into the channel boundary layer growth ior

a divergent channel could be expected (11:106,223). 'The

boundary layer will have a displacement thickness which

snould have an efzect on the experimental results. The

neight of the valve plate above the base plate, if constant,

is not a required parameter in the theoretical solution of

the reed-valve problem; however, boundary-layer growth could

29
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change the effective channel height from a constant to a

variable. For an increasing displacement thickness, the

area of the channel would not grow as rapidly in the viscous

case as in the theoretical case. One might assume, then,

that the pressure ratios at a specific location would have a

value corresponding to a smaller area ratio. One would also

expect other considerations, such as separation of the flow,

to effect the solution.

31
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I V. Calibration and lest Procedure

Calibration

One advantage to using the scanivalve for testing was

that only one transducer was used for collecting the

pressure data. Therefore, the calibration procedure was to

compare the tranducer signal against known pressures. From

this comparison, a calibration curve (a plot of voltage

versus pressure) was produced. The pressures for the

calibration were measured with a 100-inch mercury manometer.

This was the same manometer which was used to measure the

total pressure of the reservoir. A pressure tap ran from

this total pressure line to the scanivalve. This tap was

used exclusively for calibration and was normally

disconnected or closed during data runs to insure that the

transducer was not inadvertantly overpressurized. The

computer and entire test station were in a ready-for-testing

configuration during the calibration. The calibration curve

for the scanivalve transducer is shown in Figure 1b.

Once calibrated, it was a straight-forward procedure to

measure a voltage corresponding to an unknown pressure. Fhe

urKnown pressure was then found by computing the pressure

whicn matched with the measured voltage. The calibration

curve of the scanivalve transducer exhibited linearity to

within 0.42 percent of full scale over the range o

pressures o± interest.
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Figure 15. Pressure Transducer Calibration Curve
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Test Procedure

A computer program, TEST, was written to direct the

acquisition of the pressure measurements in the reed-valve

model. The actual test procedure was straight forward. The

equipment was turned on and allowed to warm up and

stabilized for approximately 15 minutes. During the warm-up

period barometric pressure and ambient temperature readings

were made. After warming up, the bridge excitation voltage,

which was sent from the power supply to the scanivalve, was

checked and adjusted as necessary. A calibration run lor

the transducer was accomplished next. This calibration was

done ±or each set of tests, but it is noted here that there

was no measurable difference in the calibration curve over

the entire duration of the testing. Once the calibration

was checked, the testing was ready to procede.

The configuration to be tested was selected and set up

on the test rig. The inlet pressure was set by adjusting

the regulator on the inlet line. The system was again

allowed to stabilize. While stabilizing, the program TEST -'

was started with a run command. TEST interactively

requested the test condition and then awaited a command to

commence gathering data. When the system had stabliized the

operator input a line teed (return) command and FES"T

directed the gathering of the data. The data runs lasted

approximately 30 seconds. During the data run, all 40

surface pressure ports were sampled. Each port was

0
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individually sampled 20 times before the scanivaive was

stepped to the next port. The value of the reading for each

port measurement was the average of the multiple sampling.

Upon completion of the data run, TEST could be made to save

the data to a disk file.

This procedure of testing continued until the operator

was finished with the desired runs for the day. Finally,

the barometric pressure and temperature were again measured.

Flow Visualization

In order to obtain a more specific idea of the shock

location and shape, a flow visualization technique was

devised. Wind tunnel flow visualization oil was used. Due

to the oil mixture containing white pigment, the test rig

was painted black to insure better contrast for photography.

The oil was dotted on the base plate of the test rig as

shown in Figure 16A. In order to keep the oil undisturbed

(except by the flow) the tests were run with the rig up-side

down as shown in Figure 16B. This required a slightly

diz.erent configuration for the test rig. The legs were

~0reversed in their holes .and knife edge supports replaced the

centering pins (ct. Figures 12 and 16C). Alter the oil was

in place the rig was inverted and the air was turned on at a

moderate rate. The valve plate was then raised slowly

toward the inlet. Recall, that the problem is sell

adjusting for the height of the valve plate, so once the

* plate is close, the physics oZ the problem takes over and
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J4

Fi.aure IeC. Test Rig Showing Knife Edge Technique for
Centering the Valve Plate

47

-- - -- - - -. . . . . . . . . . . . . . . . . . . .. '.- *. .. . . .



snatches the plate. Atter the valve plate is captured by

the test rig, the reservoir pressure was adjusted to the

test condition. The test pressure was maintained lor

approximately 2(0-seconds. The air supply was then cut off ,

and the valve plate fell to the table, leaving the oil flow

undisturbed. The rig was then turned back over for

photographs of the flow pattern.

*1
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V.N
V. Data Reduction

fhe data were saved to a disk tile during the test

runs. These data files were accessed by a data reduction

program, REDDATA. REDDATA was written in BASIC and is .

listed in Appendix D. The program took the raw data which

was collected by TEST, applied the appropriate corrections

to the data, converted the pressure readings to absolute

pressure readings in psi, and then saved the reduced data to p.

fies for plotting.

The data which was collected by TEST was presented in

millivolts. REDDATA took the millivolt readings and used

the calibration curve to convert the millivolt readings to

the equivalent manometer reading in inches of mercury. The

readings required correction at this point. The equivalent ,

manometer reading was corrected for temperature and gravity.

The temperature correction accounted for thermal expansion.

The gravity correction accounted :or the elevation and -

iatitude ol the test site. Tables for the corrections are

available in several experimental guides or meteorological

texts (13; 14:13, 138-202).

The pressure readings to this point were in incnes or

mercury. To get an absolute pressure, the ambient pressure

had to be added to the data. The ambient barometric reading

was taken at test time using a Fortin-type barometer. This

reading was also in inches of mercury and had to be

corrected. Unce corrected, the pressure readings could be
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added and converted to psi readings. similariiy, the total

(reservoir) pressure reading was corrected and converted.

REDDATA took the absolute pressure readings and

presented the data in a format similar to that which SOLVE

used for the theoretical values. REDDATA used the symmetry

of the problem to give an overall view of the flow field

properties in the reed-valve test rig. For the circular

valve plate the flow field along each radial arm was

equivalent. REDDATA averaged the eight radial profiles to

get the average description of the radial flow-field

pressure under the valve plate. The reducted data was then

saved to a disk file for plotting. REDDATA could save the -

data in a pressure ratio format or in an absolute pressure

tormat.

Variations of REDDATA were used to reduce the data tar

the square and rectangular valve plates. The square plate

nad two sets of symmetric profiles. The radial arms whicn

were parallel to the 0 and 9W-degree axes of the square were

symmetric and could oe averaged. The -4b and -4b-oegree

diaqonais were also symmetric. For the rectangle, 3 sets o.

symmetric profiles are used. Figure 17 identifies tne

radial arms which display symmetry tar the various plates.

:'he variations to the REDDATA program required to present

the data tor the square and rectangular disks are straight

forward and not presented.

I.

I5
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A final program was written to compare the area

presented by the reed-valve test rig with the equivalent or

effective area of an ideal nozzle. This program, EFFAREA,

is a modification of SOLVE. The purpose of writting EFFAREA

was to look at various area ratio profiles in order to find

a best-fit match of the data. The modifications to SOLVE

consisted of replacing all references to radii ratios with

area ratios and by specifying specific area ratios at all

incremental locations. Two methods were used to define the

eifective area ratios.

The first profile, derived by method 1, was formed by

lairing in the curve for the data which was analogous to the

supersonic portion of the theoretical curve. Using the

raired curve, pressures ratios could be projected back to

the theoretical curve and effective area ratios could be

letermined.

The second profile, using method 2, was basicaily

similar to the profile used in SOLVE. However, the area o.

the throat was varied wnie leaving the other incremental

areas unchanged. This scheme may be similar to a pro ile

Wnicn was due to a blockage at ol near the corner which

,etined the throat. The location or the shock was usea as

the comparison criterion to determine what tactor should

multiply the throat area. Alter comparing several pressure

profiles, the xactor which multiplied the throat are was

determined to be 0.64.



L)ue to the si.miiarity cl EFFAREA and OLVE, the prog~ram

is not presented. The area profil~es tor the two methods are

presented in Appendix E.

5.3



V1. xesults and Discussion N

uener a..

Data from 70 test runs were saved to disk files tor

reduction. Tests on three configurations were accomplished.

In this section the configurations will be referred to as

configuration 1, 2, and 3. The first configuration was the

circular plate, the second was the square plate, and the

third was the rectangular plate. 2 ontiguration I was tested

in 33 runs; configuration 2, 31 runs; and contiguration j,

o runs. Testing was accomplished on 5 separate days.

Duplicate conditions were tested on different days to check

the repeatability of the test data. The repeatability for

all checks was excellent. The pressure ratio data points

for similar runs from different days were basically

coincident.

Conxiguration i

Fest runs lor the circular, 2-inch diameter valve piate

were pertormed for gauge pressures from 1. 2-inches of

mercury to 210-inches o mercury. &igure ib shows a

representative sampling of 5 data runs. A point to note

irom tne liqure is that portions o these curves cioseiy

overlay one another. i'his is very representative o the

isentropic subsonic to supersonic branch o the one-

dimensional theoretical analysis (ct. Figure 8). The exact

locations of the normal shocks in these xlows are unknown.

b4
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DATA: PRESSURE RATIO VS LOCATION
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1.00 i

9q

,n 0.80 ______ __

S0.60

0.40cr

0.40 ~*

*0.00 0.20 0.40 0.60 0.80 1 .00 1 .20
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Figure 18. Representative Data; Pressure Ratio vs.
Radial Location; Five Runs
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it is, however, fai~rly clear Irom the jump in the pressure

ratio, that a shock must lay between certain data points.

Data points on opposite sides of the shock are connected by

, *o . - - -

a dotted line. Keep in mind that the shock caused a steeper

p jump in pressure ratio than this dotted line represents.

Figures 19-28 are direct comparisons of analytical and

experimental data. Figure 29 is a compilation ot several

pressure ratio plots. The theorectical curve for a specitic

reservoir to exit pressure ratio is plotted as a solid line.

The experimental data are represented by the individual

points. These graphs provide a sequential look at what

happens to the flow as the reservoir pressure is increased.

The data indicate that the shock in the reed valve occurs at

'a smaller radial distance than the theory predicts. The

data along the supersonic portions of the curve also match

with smaller area ratios. This appears to be consistent

Withl the idea of a blockage effect in the flow similar to a

displacement thick<ness of a boundary layer (c±. Lhapter ii).

it snouldi be noted that the flow in the supersonic section

af tne valve is influenced by an extreme pressure gradient.

Alter tne shock, the pressure gradient is adverse cue to the

suosonic nature of the problem and the geometry in t '1i1s

Sregion. Also ol interest is that the l10w in the suosonic

section at the test rig actually rose above ambient

. . "o . .,. ".

pressure.wever theory cseaowrs theamti the pressure ratioshoul

ratlo, that a shock must lay ibewecetndaapns..-."-"



PRESSURE RATIO VS LOCATION
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Figure 19. Pressure Ratio vs. Location Plots, Theory and
Data, for Reservoir Pressure of 14.65 psia
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PRESSURE RATIO VS LOCATION
1.20

1.00

-A -A-

a.

wL 0.40

0.20-

0.00
*0.00 0.20 0.40 0.60o 0.80 1.00 1.20
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Figure 20. Pressure Ratio vs. Location Plots, Theory anid
Data, for Reservoir Pressure of 15.88 psia
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PRESSURE RATIO VS LOCATION1.20
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Figure 21. Pressure Ratio vs. Location Plots. Theory and
Data, for Reservoir Pressure of 20. 46 psia
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PRESSURE RATIO VS LOCATION
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0.00 0.20 0.40 0.60 0.80 1.00 1.20
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Figure 23. Pressure Ratio vs. Location Plots, Theory and
Data, for Reservoir Pressure of 28. 96 paa
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PRESSURE RATIO VS LOCATIONI
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Figure 24. Pressure Ratio vs. Location Plots, Theory and
Data. for Reservoir Pressure ol 56. 39 psia
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1.20 ______ PRESSURE RATIO VS LOCATION
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Fi.gure 25. Pressure Ratio vs. Location Plots, Theory and
Data, for Reservoir Pressure of 48. 36 Pa
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PRESSURE RATIO VS LOCATION
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Figqure 26. Pressure Ratio vs. Location Plots, Theory andK Data, for Reservoir Pressure of 72.90~ psia
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PRESSURE RATIO VS LOCATION
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Figure 27. Pressure Ratio vs. Location P.Lots, Theory and
Data, for Reservoir Pressure of 96.03 psia

65



PRESSURE RATIO VS LOCATION
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Figure 28. Pressure Ratio vs. Location Plots, rheory and
Data, fcr Reservoir Pressure of 104. 96 psia
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Figure 29. Overlay of Five Theoretical and Five Data
Plots of Pressure Ratio vs. Location
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approach the pressure ratio at the exit from beiow, witn no

overshoot. The data appears nearly fiat, but close

inspection reveals that the measured pressure ratio

approaches the exit pressure ratio from above. 2
At reservoir pressures above 170-inches of mercury

(pressure ratio of approximately 0.15) the valve plate began

vibrating and the centering pins had to be held in place. .

At gauge pressures above 190-inches of mercury, the rig

emmitted a howling noise as the vibrations increased.

eressures above 210-inches of mercury were not attempted due .

to the intense noise and instability.

Figures 30A and 3OB are included for a comparison of

the data collected with the reed-valve model to data

,coi-ected in a Laval nozzle (10:129). A striking similarity

is apparent. The area ratio attained by the reed valve is

mucn greater, but the jump in pressure due to a snock and

tne overshoot and return to ambient pressure near the exit

are aisplayea in both. Further, it snoula ne noted tnat

Figure 308 is given as an example o how well the one-

dimensional theory holds true in experiment t i;:i2 I).

ie neignt or tne valve plate was measured over a large

range ot pressures. The neiant was measurec witn an -

automotive reeler gauge and round to be constant to within

the tolerance or this measurement tecnnique. The heignt was

tound to be approximately 0.0O10-inches for the ranQe or tne

test runs. The bourdon pressure gauge was hooked to tne 1

ae i-> 4



PRESSURE RATIO VS LOCATION
1.00 - - _ -J i
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Figure 30A. Pressure Ratio vs. Location Data and
Equivalent Nozzle Including Theoretical
Supersonic Branch
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Figure JOGB. Similar Plot for Laval Nozzle, Taken From
Liepmann and Roshka (10:129)
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inlet line ol the flow in order to make a static pressure

reading. By forming the ratio of static inlet pressure to

total pressure, the Mach number of the flow in the inlet was

found to be approximately 0.205. Although it is most likely

that the flow in the inlet is turbulent, a quick look at the

problem assuming a laminar Hagen-Poiseuille profile (11:12)

is 'a good order of magnitude check. The volumetric flow is

qiven by

W i (rt/2) ftl.NrET U. (17)

Where u. is the maximum velocity of the flow. Recalling,

V. that continuity may be written as

rn P0 pAy 16

I'he throat area may be chosen as tne second location to do

the comparison where A =2iR,.LrTh. Eq (1t3) is then solved

for the height h.

h ( I UI HI LT ) T (4 P 2u ) k9

0 .;Or tne Mlach numner of the inlet, the calculatea neignt is

rL O.0l~t-inches.

-ont~iguration

ihe 1.5-inch by 1.5-inch square plate was tested tar

gauqe pressures ranging from 8. 2-inches of mercury to l'bO-K.inches or mercury. The plate became unstable at the upper

......................................................................2:L ;-.'.'-:2*:K-.--j.K-1-.-;-:..-:--~..-:1-.... ... ,,"--. • ".
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pressure. Fhe plate was centered above the inlet at various

orientations. This was made possible by drilling additional

alignment holes in the overhead plate through which the

centering pins could be inserted (See Figure 12). Pressure .2

measurements were taken with the square aligned with the

axes of the radial surface ports and at -15-degrees and at

30-legrees. The pressure profiles were expected to be

different for different radial directions beneath the non-

circular plates due to the variations in the lengths o the .. *' -

radial rays from inlet to the plate edge.

It came as a bit of a surprise that the data appeared

to show little variation with respect to radial direction.

The measurements taken with the plate turned either -15- I
degrees or <3I-degrees also showed little variation. The

data has the same appearance as the data gathered lor the

circular disk. REDDATA was put to use to determine i1

indeed there were variations in the data. Figure 31

contains three pressure profiles. The first is obtained by

averaqing data Itrom the 0-degree and !O-degree radials. rhe

second profile is pressure ratio data from the four 4b-

degree radials. 1'he final curve is plotted at ii tne data

were trom a circular disk; all eight radial protiles are

averaged to give this linal curve. l he three curves are
0q

nearly identical. Ubviously, the distance traveiled in tne.

channel tor this configuration did not et±ect the behavior

al the flow. If one postulates that there is a significant

. .. . -... •.



12: PRESSURE RATIO VS LOCATION
1. 20-

1 .00 1

IL

H0.60 1IC
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Fiqure 31. Pressure Ratio vs. Location Data for -

Gonliguration 2: Three Data Plots; Two for
Symmetric Arms, One for Circular Evaluation.
Theoretical Plot for Circular Plate included
for Comparison
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separation in the fiow downstream of the shock, then the
I

pressure in the region from the shock to the exit could be

close to ambient along all ray directions. The pressure

ratio curves are quite flat in this region so this seems

like a reasonable possibility of what is happening. If this

is the case, then a longer or shorter channel in this

portion of the flow will probably have little eifect o-n the

Overall characteristic of the flow in general. The geometry

D1 the inlet is circular, the supersonic tiow issues

radially outward until it passes through what appears to be

a ci-cular jump discontinuity. It seems likely that the

geometry of the inlet rather than the geometry of the valve

plate disk is the determining factor of the flow.

It should be noted that the data on the supersonic

portion ox the curve for the square plate do not tali on the

2ame curve as the points for the circular plate. Uhe

et:ectiv.'e length of the flow channel in each case is -- :

diIIerent. t'he points are close, but a distinct ,itterence

is evident. The theorectical-isentrapic subsonic to

supersonic portion lor tne one-inch diameter circular plate 4

is included in igure -l tav comparison oniy.

konliguration i

Fhis rectangular valve plate measured L.75-inches by I-

inch. Test runs were performed for gauge pressures trom '-

2V. b-inches ot mercury to IWO-inches of mercury. The plate

74
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became unstable at the upper pressure. Unly one orientation

was tested for this valve plate. The results are very

similar to what was found for configuration 2. A plot of

the pressure ratios for various symmetric flows at the same

inlet pressure are shown in Figure 32. Four data plots are

presented. The first was obtained by averaging the two -*

radial readings parallel to the primary axis of the

rectangle. The second was obtained by averaging the two

perpendicular radials. The third was the average o the

tcur diagonal radial profiles. Finally, the tourtn plot is

obtained by treating the data as circular and averaging ail

eight radial profiles. Again, the curves are basically the

same. Also, as was apparent with configuration 2, the data

points on the supersonic portion of the curve do not match

with the analogous points ±or the circular disk. The

theoretical curve for the circular disk is again presente-

zor comparison only.

.. :Iecti.e Area

Figure 33 i;:, a p-Lot with four sets of data. The plot

is lor contiguration 1 operated at a ret.ervoic pressure oz

.b. .PJ psIa. 'he experimental data are pictted as individual

poInt3. The three solid curves represent analytic solutions

obtained from SOLVE, EFFAREA method i, and EFFAhEA method

Note again that tne data indicate a shock is occurring at a

smaller radial distance that predicted by SULVE. For

method I of EFFAREA, the theoretical shock oczurs at an even

5. 4
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#3: PRESSURE RATIO VS LOCATION
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Figure 32. Pressure Ratio vs. Location Data for
Configuration 3: Four Data Plots; Three for
Symmetric Arms, One for Circular Evaluation.
Theoretical Plot for Circular Plate Included
for Comparison



PRESSURE RATIO VS LOCATION
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F'igure 33. Pressure Ratio vB. Location Plots of Data and
Three Analytic Techniques: (1) SOLVE,
(2) EPFAREA Mlethod 1, (3) EFFAREA Mlethod 2.
Reservoir Pressure is 36.39 ps3ia..

77



- - - - -. ' - - .r... _,u.-r---.----.-... ... - -- II -. - .

larger radiaa distance. Method I does match the data points

on the supersonic curve fairly well. But, this should be no

surprise, because the area ratios were derived from the

supersonic portions of the data plots.

Method 2 predicts the shock location well using a value

of b4. 0 percent for the effective area of the throat. This

value for the effective area matches the shock fairly well

mor the range of pressures tested. However, the values

along the supersonic portion of the curve are incorrect. in

iact, these vaiues are worse than those predicted by SULVE.

Neither method of EFFAREA is adequate to predict the

flow. More work to attempt to match the oata is probably in

order, perhaps in a future study.

Flow Visualization

The oil flow-visuali=ation procedure gave a distinct

depiction of where the shock was located. A line was

produced in the oil by the shocK in most situations.

hainting the base plate of the test rig black roughened the

Eurtace and slightly reduced the sharpness ox the shock

line.

For con.iiuration ., three test pressures were chosen.

Fhe test pressures were 44, .73, and ' psia. I'nese

pressures were chosen from a study on the reduced pressure

ratio data already gathered. The shock locatlons should be

between ports I and 2, 2 and 3, and 3 and 4 respectivey.

F .. . . . . . .- . .
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Figures 34A and j4B show tne flow visualization mor tne

Zirst two runs. Each shock was well defined and at the

expected location. The snock in each case was circular.

Figure 35 shows the oil flow for the 99-psia run. 'This

pressure corresponded to about 170-inches of mercury and, as

reported earlier, the plate began vibrating. Close

inspection of the oil flow does reveal that the shock was

located at or just beyond port .3. However, the oL.

visualization is smeared as would be expected it the shoc.<

were oscillating.

One test run was performed witn confliguration 2. The

ail flow is shown in Figure 36. The test pressure was 39-

psia. Although the plate is square, the shock was circular.

This supports the idea of separation discussed earlier

cx. LChapter VL '...on±guration 2).

Two test runs were performed with the rectangular plate

configuration 3). The first run was for a reservoir

pressure of 39-psia and the flow visualizaticn is presente,

in rigure j."7A. Again, the shock was circular. i'he second

run was pertormed to place the shock near the = ose edge or

tne piate. A pressure was chosen just belcw tne threshold

•nere tne plaz T-- tegan to vibrate. I'he reservoir pressure

was D4-psia. rhe snOCK was again circular as seen in

Figure -ilb..,-

'7'J



i-iqure 34A. Flow Visualization Configuration 1; Reservoir
Pressure is 44 psia

V'-qure 34B:. Flow Visualization Conliquration 1: Reservoir
Pressure is 73 psia

* -0
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&vr e 25. iow Visualization Conliguration 1; Reservoir
Pressure is 99 psia. Note Smeared Shock

81
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Figre b. Flow Vixsuaiization Configurationi 2; Reservo--ir

Pressure is 2Y9 psia

t32



Fiqure 37A. Flow Visualization Configuration 3; Reservoir
Pressure is 39 psia

Figure 37B. Flow Viouaiization Corn±iqzratiorI 2; Reservoi-r
Pressure is 54 psxa
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!'he oil drop ±10w visualization worked well but was not

- suited icr looking at the shock aiter tne vibrations set in.

Possibly a Schlieren technique with a plexiglass model would

be a test bed to look at the higher pressure flows.

Discussion

The one-dimensional isentropic, inviscic model with

normal shocks imbedded in the flow predicted the basic

creot the flow; in tact, as well as they predict IOr the

L.3va1 nczzle in Reterence 14W.

*~ ~t is interesting that this reed-vaive mcdei so closely

matcned the performance of a Laval nozzle iLn the supersonic

section, especially considering the equivalent divergence

anle ox trne reed-';alve model (cf. Chapter ii). Hill and

-et er -on 4: -L7 -40/) state that the b est perlormance is

Dotained tor conical nozzles with divergence nail ang.Les

~j.fCn1 and lb6-degrees. According to Neerence 4, this

prelI-?rred range at nal: angles is due to tne statetz "tact"

tnat larger angles nave the possibility ot iiow separation

:rn'n tne wa.;ils.
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"i.. ,oncj.usions and Recommendations

Lorcluslons

The purpose of this project was to analytically predict

and experimentally measure the flow-induced pressure field

in a reed-valve arrangement. This pressure field was

initially expected to be that tor fully subsonic flow. The

±low in both the reed-valve analytic model and experimental

reed valve was supersonic in nature wit imnedoe, shocks tor

ali but the lowest total-pressure runs. Even the spool an.

paper trick can readily be made to have supersonic flow, a

normal shock and finally a subsonic flow to the exit.

The one-dimensional isentropic-flow model with an

imbedded normal shock is a good mode! for this flow. There

i.s a detinite phenomena in the flow channel which looks like -.

a niociage due to the displacement thickness ot a oounaary

layer, separation, or both. The phenomena did not yield to

simpie modeiing tecnniques. The addition ol a mooe. to

account lor boundary layer growth might zurtner ennance tne.

i'he etiective area meZhoas ot anaiyzing the probem

neea more retinement. The task ol closing the reed-valve

pronlem to predict the valve height and the mass licw rate

can be approached from simplified models to get a lair order

o magnitude approximation.

The 1ow visuaiization technique worKed well lar

qettinq a delinite shocK location and shape. ptrom the

. . . . . . . . . . . . . . . . .. . . . . . . . . ..-
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smearing ot tne shOCK line tor test runs when trhe valve

plate was vaoratinq, it seems that tne vibration is cue to

an osci-iation of tne shock. A Schiieren tecnnique may e.

effective for determining the shock characteristics tor the

high pressure flows.

The shocks were circular for all ±ow visua'iization

runs tor which an impression could be made. 'he circular

snock beneath a non-circuiar valve plate suggests that the

geometry cl the inlet is a key factor in the Snoci shape and

that there may be separation occurring in tne subscnic

section ot the flow.

The analysis ot the problem is certainly compatible

with a small computer system when using the presented

tennique .

r ecomrnendat ions

based on the experiences and the results oa this study

tne rol-owing r,_commenoations are made:

i invest-gate ethois co t ui :ne.- -ar a. . 7a-.. , c-se

tne problem to aetermine the negiht -t the vaive Plate acove

0ne mase plate. A mcmentum approach 3z a -ii-eiv caniccate.

-. investigate bounaary-iayer grcwth and tne

QOSSinii-v or separation in the tiow. uev Lop a model tnat

preIcts the eilective area ot the channel with these

:onsiderations in mind.

.-. * . . •*,.*.-

__________________~.~1...~~.. ~ ~ t L I... . ~ ~. !. -. <
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Predict mass-llow rates trom the above extensions

to trle modeliinq. Verily the procedure by experimentally

measuring the mass flow rate.

4. Investigate various inlet geometries to find the .-

elect on the supersonic flow and the shape o± the shoc4

wave.

t. Use a Schlieren system in conjuctxon with a clear

piexiglass reed-valve model to more precisely define the

character ol the socK at higner pressures.

. .4

0,-.. J-

.. . •
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Appenoil: A

~LJL V

A complete isting ox the program bUL-VE tollows. _-uLLVE.

analytically solves the reed-valve problem xor a circular

valve plate anid circular inlet. The assumptions wnich S;OLVE

uaes are noted in Chapter 11.

V) V)VJ PRGRAM- SULVE

10-0~i tPRLbr(AM ANALiTLUALLi tULVL. Fr- LL-.W 7 _rL.J
10 z V ':JN~r) A tiRCULAk UIDK( U =iNL3 I-D i DNikuP

.~4)'AND NLJRMAL SH-ULK FLOJW RELAFIUNt).

I O DEF I NIT IONS

1100~ L6AtMA.4:' RATIO OF SPEGIFiC HEAF:=
1. 11 R=1/14.7:* GAS CONST LFT'^2/iEG rANKINE E"

1 0 PA=14.6935:' AMBIENT PRESSURE kPSI)
~ TA~i'~:'AMBIENT P'EN iI NL

4 w .NKur CUNUi.LUNS

i -iv r-~t iN. 'UEAUL rul UI'iuNt ARE FOR A JibLAY

>.j L,'r' j 1'.U YUU WVANT' U UdnE DEVAULTr ui- iu,4 .

._V :,j-U ..In: t6U FU ALTERNATE iNiU[ zLUbL1UV.iNVL

'v LNr-U " N.Nr L' HE rmAo.iUt ui-' iHE L)izr% .NtAr1tz )£L

_ia 4 Ui"'.NVU:T ;HE iNLr.[' rk- U iN k-.i~A

ii LLl- NL. :-UNfIuNb

4 V DEFINE EXPUNENTS

1 V~J rX1=6AMA -jAM,

rX_='/ uAiMA-0

1v LL. 7j -L**r A* ....M A



1jt~o EX4=kbAMlA-l/UAMtiA

1q.~ u*1) i LEFiNE FOTAL HARAI1ETERS
1410 Ci=AMA~kuwb*V '.b:' SUNiL Vt.L i-uh TulAL LuNL).
.4z RHu'=Pr/ (Rt3*TT): TOTAL DENSITY

1440a INCREMENTAL LOCATIONS FOR GALLULATIUNS

I1460 INCR=1/16:' EVERY 1/16 INCH
1470 FOR 1 =1 roR
1480 R( I)=1( I-I) .INCR
14bWo NEXT i

IWl.W UETLkRN1NE Pr/PE FiR SU.N-L; THROAT

F-iND MES - £IA~li L EXIT FORh -)'!AN UUNL

1'~ 4,J = 1 JUST A FiRt-T ilAGK TO START ITLNAFINU

lobW iF AdUS E-MEZi -. vJ(JVOiJ)l iHE-N 6LITO it),

Inciv bUFu InnW

I6~oWNOW USE MES TO FIND FT/PE FOR STAR C uNU

..0 CALL IT FIRS -- FOR PRESSURE RAT.'IU STAN~
Ib2o PRS=(FN8O(1ES))^'Ekl
Ib.40

j b4o -UIMi-ARE PRESSURE RATIO, PR, WITH PRS
in~ P-~IH: -R i : PRESSURE iiATIU
1!~ PF-~'HI I'IEN L3UTU 1660 ELSE auuDO 11-v

1,3 d oau ,u uuTO FHE SUPERSUNiL. .-UbtS~uuL~Nr

1.) v) utji u ..LbjW: UUTU THk-E OUTPUT SECTiUN

mUtjSuNiL SOLLTUN

A N.u.L;H~iL

-) LkN"~i~ A M A Hh EX,4lqN

WiiFH 11E IN I1ANLI FiND 1 i AL ALL- IAUijAL U4.N

W Iii M'ljM ULi ALL- U t rt itMUkt-t;I r-m

i d/ NEXF i.

188 uW . ruI Jibio 6ufu !'HE LU 'PUT'.-LL,'uN



I V):I;URuLTiNE -I NCREME1NTAL !1AL-i NU1I~i3

I V-0 INPUT -- EX.LI MALAi NUlrr

1 ) M.n: AN U 1riE h H A LKr QU DT A RV r H Ei E A iULPu N

1 -jt t I A13tiMl)-Wwo THEN CiuTO iibdJ

1 %-t O RETURN

SUBR~OUTINE I- NCREMENTAL PRLJHEkiiEb

W-)INPUT M-I~ACH NUMB~ER Ld I

-)V)l rU B~kUB xI k iSU E (eA

,1t00 L =U/ % uL"'.~ iONIG V!ELOCITY .,FT/ nEC)

1 I V ( i =M(1( .Ci ): FLUID VELJCiTY A,

.- , o RETURN

1I40

2In -o SUBROUTINE -- ALTERNATE INPUT

- i.NP f " INPUT G3AMMA L) AMMA

1 NP~U I" INPUT[ THE LJALU rEM N iN

~ rJCi~'U lhE RAL'IUS U?' THE iNLE, ~Lri r.7

nod~ttLJu pNt.- - LU Eksut.LL .LJ

:-,tj >4 iiLm A ~Ur- rzN i L U~L -.

-N. i'iA AM iliiU

v'UJ :AL. nA r~r >E crUl N UF MA iLi.. !z-'L. t'

'I uA~A-r , ti E zH N LU I UANA fIE' ='A~1- N

.2 J 1*1A Ni L LULLt.7-z, - 1 UL i ' A Z-

IVERA'iEh rL LET MIACH AL IFHE EXiT M- E

-,Ui .tV .*i. *L JLtZ

t J r- N A L- Li u



V*A) 1±r Abtki LLME)-.vjvJVL6i TH-EN L.uru 246O__

24/0

24ato PE=PTY, IIFNBOBU1E) ) EXI.

COMIPARE EXIT PRESSURE WITH AMIBIENT

2510 MOVE SHOCK UNTIL THEY MATCH-. .

25 2,0 IF A6.kPE-PA.)<EXlT THEN GOTO 2750

,25JO itF PE<PA THEN L30FO 2650

_:D0 MARCH uUT WITH fHE SHU rK
.:560 MARCH=O:PRINT"MARCHING OUr -- PE/PA =,Hb2/PA

- 'V r £1AhLH-Ui=Ve) iHLN .5~bv =:-t zbv~

_*tW X=MX-t'ALL

~ aQu UPDAT'ED MX - fEA"-ULA*E

-. ,0 r~AL rAuE- k. ti

-b rIX=MX-e-AL

t43 ~-u ._j

MARCH IN WITH THE SHUCK

_bc~o LARLH1:PRINT"MARCHINj I"N --- PE/PA = ,PE/FA
-t V ii- MARLH-o±lR=0 TE 2680) ELSE 7o

tz60 MX=(IX-FALE

A'u P"X=X-ALE

- X MX -4wL

vi irilL =tiuu-t%.~ NUW AT !'Ht NIUHT LULAVlJN

tWL tAI~N I :h U LX L U LA I-- L) A~ I' h ,n

-,':io r-ki N] 'ARr.A itA1,'u - AEnocx<,A-

I-LL( N -EX .i V R L i R-E

_6 o , 11" ~ ~ -N - Eo U E " -

-h E R:r tt-'NU U iL - Uf~~1Un

-:',4 N~r / r~~d-MX ) '..

ViNLo MrriNixlEi ~i uuYIN



L t., UN --L rhEULzr zELi'.LuN

-2 V) NUMl~r-x UN:'±u VHEf £IAI',aj -- £IAh-Lt Wi'TH

-Ia60 rRiN'j"MAkLH UkPL)O.WN Wi FH M1Auh iYU M'Ait- AtLA rAiiub

.3000 FORk L~i TO -jvOvO: NEXT L: DELAY E'u ZkEAiU LutiLN

jO2O FOR i=i TO i~h

jojo2 Miu= I:' MACH Ld 1 UUE-L :

j04~o !iR~o

J V; "VJ 1r ~i rt .,hEN jwdoJ =LZA. - Oj(

,14 V) MARCH UP WITH MACH TO MATCH A/A*

_jIi ) irkArLH-uik)= THEN _jA~t6 ELSE ~~

0~I1 :A ~AL E D;

- - J IL j M L

V) UuW w..r MA.,- -j i'a WAVA

I-i i)L ' l -i IU MA r

A ~A r% A i 'A i'L -- Ni iA It A. A,'A*

L-J U4. .- A - , 7riL IA ,

m LiML -r

k') "4 r

r~~~jh~ 2 L7-I '



.'-jH .'4' AN LU E IHEWOLK)

2tJ0 r'r ~ ' S

jb20~ NT LLJ 1RJ~ii Ti~EIETLL~AL

J3bdvj NT I DSBSNIEC H (F S RERSOCA

n 1) \t.A 2 21

li.J I mc' -U

k. N r. I

0' 1) eki r" !NCHE.... p A.

N, I ZEL FT , ) D G r

m0 zi u w FI 0F

N...........3.....................................



-t-dv NEAI~ i

4000~. l.k z)UEtpYE " £XEN 4WOI0) 4ObW

4 4vi2W t-k i NT X Y, I'RY

4wjO WRITE #1, RY, PRX
44IJ40 WRITE #1, RY, PRY%
4bo~

4060 FOR I=ISH-l TO R

4070~ PRINT R( I)PR( I
4vOdtO WRITE #I,R(.I),PR.I)
4w~jv NExr I
4low G2L.Ct E

i~ ~J="y" HEN 4
1ioO EL:mE '-ii4

vi UPEN UACA i-'ILE FUJR PRESSUR~E V~o ) DA TA

1.430 iN11uT~iNPUr THE NAME OF THE DATA FILE i$
p~I ki NT

4 .z0 WRITE #1, 4, PREb

4-do FUR i=i TLJ L-H

kmv FR iN ty, Iy
Ki sp i, m~r y, 11X

L-i

fl 14 ' N k

~i~ v it

L.-. Y i



Appe-nd2.x di

Lnstrumentation L"ist

i tern eriai Numoer

Electronic Control Technology S-100 Computer -

Anaiog-to-)igitaL Card, ijual Systems Control
M1oaei AIM.I.lz HLV b) ..............

.)iQ.Lta.-to-Anaioq Caro, Vua. Systems Control
aciei. AUfl-I-' ................ I -1

~ Jrive Asembiuy, Carbell. .. ik:

.ermin-a.L, rieathKit lcel hi-113 ...... i-4

z.,zanivalve. Su.ANLU Miodel 46S9 .joI2 .. . .. )-

£xansducer, SCANCI] Model PDCR23D-25PSID...--

iUal OC Power Supply, Hewlett Packard 620bS . 14WAWvw4:D

cz-,Iencid Controiier, SCANCO CTLR2/S2-S6 . . .48

ta- =.ven LDecocer, - -. ANLUUE6 uD.........................

ww-incn Hg Mlanometer, K~ing Engineering . . .

-vjvj-incn m-g rzquivalent lourdon-type
e-r.essure uauge, Wa.L.L3ce and Fiernan......... A -n-NN JVZ

*:QaeiL '*.dA.......................................



Appefldix L,

A complete listing 0± program T~mF loiL.ovs. l'nis

program was used ior data acquisition. A description ot the

application oi TEST is given in Chapter IV.

1. Ov PROGR~iAM' TEbT

i Vj Tfi:l i-RULIRAM GATHERS DATA USING A nCAN.LVALVL.
;. l'~ IN.iE VALVE i'ik UUtjH 4I14 UI ANL.I A.h~

EALH "-~~ ~"~i1~ hE AVERAGEh 1-F "HE "

-L-tVJA M fr'L N 6 INTED ?-Qk~ £AuH t-'uk(.

0 i t:FURfti RUNN.LNG TH-IS PROU~mAL1 i-*Ojk L.AYA. Qi~A

-bl THE euWEkR SUPPLY OUTPUT AND rHE CORESP.iNDiNG
l7i "I - UFI'tET 10oV AND *-~. 00iJwI9'i I

K~ OF SAMPLES TO BE AVERAGED
-~INPUT"INPUT CONFIGURATION #

LJw Nl-UT"iNFUT RESERVOI PRESSURE

... iN 1'" UNtUht.fiUN", CONF76, ITHE~ PRL., ', ~ n !-ILI

LA i - ~N I' kA U IAL VuLTAUjL iN M1lL"-V/L...

.A4, LJU h h U =

A-,nJ rj i .m .- IJ L

e2L NJL.A.

*4iO N EX~ 1'N

44u -1=

rb



'tow uUi 4u "Aill

DOW A= iNk- 1i4.i) *iNP( 14W ANDIn *-).)b

~jSW AALJD=AA4D-A

,540~ NEXI I
55bO AAVE=AAD'/K
nbOt AADJ ( ikAD, EPURT) (AAVE-OFFSET) *WW

b7 NEXT IPORT

0) PkiNT U:;31N G I##.# ; RAD AAWJ I HAO,lJI

=,- feiNT u DINL3 "####AADJ kiRAU, -), AAVJ (i.RALU, -j
:jd4 PRINT USING ~#### "AADJ (IRAD, 4), AAJ RAD, :
z,.u NEXT IrCAL

ozuw

.i -UR i'L=I IL) d:' z'EP VALVE iLJ riU~'L

7-.0 JUl i//, l.

WN r T J.4

tabo~ :-o 12=i 'm L
SNEXT K<2

70W NEXT 1£2

'710
-vJ SAVE DATA TO DATA FiLE

-i 1,4 .r U u ijU WdANE FU -SAVE riJ LJuiJA g", .

7~v iNi-lUV 'HOW 'BuUr ANLJTHER kUN "

I i ;- <z ii ±i t N A HL AD~H UUiNOa tJU':- . W~.- Yt.L

W v) I N "iNPUT NAME~: b k 1" M L)#;F. JA.

3~~U -,'4t U ~ NAME ;

wk, 1=WN # .. A1 4..j

~~~.~~ J -J&.:.j-= )~~j
-a -) I U 4t -- w
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Appendix V

A compiete iisting ox program REDUATA 1O01loVs. inis

program was used to reduce the data whlich were generated by

program TEz-iT. [he details o± the program are described in

Chapter V.

vi i PUGtAM - ED.UATA

1 -4~) _U -kNi'% THEL L)AC Ar PRE 'AA ED KL uj.,Aq AktLJ!r-Uf

_ eZno nLukH-a . i t, '~LJk PEUv LAL i"UrVL. kmV Tu in. mg).

SPI~iNT
W' 1 iNPUT "ENTER~ .DLATr FILE NAME 3
iv8 PRINT

1 jL3j 0 NFUT"ENTER AMBIENT PRESS (in. Hg) "P

io CORfRECT PA FOR TEMP. AND GRAVITY
~L~kECiO~ BASED ON ) LiEU t-' La 1WOV' AND 40 u)EG N

L, UNUi~u AhI.L)Ir:RN F~RGM Fii~z .- i_._ALULJLA i~ L-

-t 4i :5/ '6 LiRAV= -

_::-CAj AUr% *kU14! )a

0.C tA=rA k - LU

-4k)
0 ~<r< rt i-' Uh *~I-.AND 6RAVi"Y

SriUN _rAAu = . 1 u

*i ij Iv r'ur( i.:-uki n IU
-;--j -. NrU. N i, AALUj k A, i t-_ >

.riiiNut. mV REAUiNL, :u i.ncfes rig

1-nv uRR~LUT AHU FOiR Tt..MP. AND RAV&L FY.*

._iANLr. incneS' rig !'U -'ziA



14(i NEX J

14b1 0 HAV6'.1 T1U b/

14703 PRAT( 1, PAVG( I) /POA

i4tOv NEXT 1

Q, ~ PRINT LJA FA fu 6RE

I-o PRINT

1610 PRI.NT
I Z) V) RINT"tCUNFIG", LUNFlu, " PRESE I'We.A, "PS.iA"

j i~t.l R -~

Z~aj t1h N f US iNu R#### "AU, APb A I hAb, _2

IiO ': o RINT U 6iNL ##.# ;APSZ,]LA( AL, )APSIA( ikhAU),4
jtj .L 9~N T UIN IU "**It.* "A P ;A ( IA 1, 4 A 1A R A L, Z

1~i b-10 efNT:xiNT"AVERAGE PRESSURED" :6z',RNT
iL, o PI NT USINLU 0,## ";OrA V3iFPA Vb t.2;

- , -m Ni: rRN F" i ,tEURE R AT I US ":'k NT

t, =0 h -'-NT 'J iNLj A## 1# ;'J R~. A>

/-, z-k. i Z.i~ N L7 A# 4 .4F HE 1'kJ~ j) i- A' A - A M

0~~~~~C V) ~ 7 i.N~~L

viJ a.d~ A .Ji 'r~S v ~.~'

t>/>6z A _d/o

4 t0

L) A :'Ai



W W h '~E # 4 ':

L' °j I- it L

1950I INPUr"SHALL 1 SAVE THE PRESSURE DATA
iibo IF Q2S="y" THEN 1990 ELSE 1970

i t'/0 IF W2Sf"Y" THEN 1990 ELSE 214vi

l IJW OPEN UATA FILE FOR PRESS VS R DATFA

_ wivj LNt'u,,,iNPU'r THE NAME OF THE wArA FILE :",-"

vi e vi rkrLNT
vi _j vi OPEN "0", 01, Lj2$

-W40 HkiNT"'RESSURE DAIA

it N IXr i * 1i: ti os vi .![<".

I( LOSE 1I~

2'140 END

.* '....

6-.-

.....................................



A p. **,,% r

i. ~~~Apper: ci-x i: ".'

r-r r Atr-.A

The program EFFAREA solved the reed--valve problem by

two ana±ytic methods. Descriptions o the tecnnmques are,_

presented in Chapter Vi. The major aizzerence between

r-iArA anl0 DULVE is in tne area distrioution at the reeo-

valve ihow channel. ""he area aistributions are .isteo oelow

:or tne appxicanie method. :'he Line numcers correspona -D

triE Locations wnere tney snou±d be s uDztutzeO into tULV_.

utner minor modizlications are described in Chapter V7. -.''.
-...-....

Mletnoo * area ratios:

±'b. vuk i=1 TO R
14bD4 R( I'=NI~tI-I) *INCR '-''''

-4 t .MEXT '

1* . A k , .

. ," A-=A,!)

A i. tA- 4= j

0 -*_, A .'i JAfl

1 ,i: A n 4

-i.* ej A k * 0 -
'  

Jt_ .o .

_- W5 A k IW ' . i,

cJ.' A D . -

A 7J

L r A iD-

II

S22"



, 4

.4uq~J .1,k J

/W ib NA U 1. A

1471 AiA(i)4. ,- A;' l < '-

.47

4 ,74 A 4)=' ;' '

.,' At =4. vi

14 b. A i = -

. -3 A k
, b A k =

46t A k . =b. .

-tou E=A In

::.::..:..

*. ~ '?t' d,,.,..
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The flow-induced pressure field in a reed-valve

arrangement was analytically predicted and experimentally

measured for steady-state conditions. The flow was found to

be supersonic in nature with an imbedded shock for all but

the lowest pressure runs.

The analytic method used one-dimensional isentropic and

normal shock relations. The technique provides a good

"first-look" at the nature of the flow and is compatible for

use on a small computer system.

The experimental data was obtained by using an

idealized reed-valve model. The data acquistion system was

computerized and used a scanivalve system to measure the

pressure in the valve model. Circular, square, and

rectangular valve plate geometries were investigated. The

inlet was circular for all cases. Flow-visualization oil

was also used in a qualitative approach to determine the

location and shape of the shock in the flow. The pressure

measurements and the flow visualization showed the shock to

be circular for all geometries and pressures tested. At

high total pressure runs the valve plate began vibrating and

the shock location became smeared, suggesting the the shock

was also oscillating.
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